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I . INTRODUCTION . 

1.  Historical  Sketch. 

Cement  concrete  as  a building  material  is  not  a modern 
invention,  but  the  use  of  steel  reinforcement  is  a relatively  recent 
development.  The  rapidly  increasing  cost  of  lumber,  and  the  decrease 
in  cost  of  cement  due  to  the  development  of  the  methods  of  manufac- 
ture have  led  to  a remarkable  increase  in  the  use  of  cement  concrete 
for  all  kinds  of  construction.  The  ease  with  which  parts  of  struc- 
tures may  be  fabricated  in  place,  the  rust  proof  and  fireproof 
qualities  of  the  material,  and  the  comparatively  low  cost,  give  to 
concrete  many  advantages  as  a building  material. 

With  the  development  of  other  concrete  structural  members 
the  reinforced  concrete  column  has  come  into  use,  and,  although  its 
theory  is  not  fully  established,  the  reinforced  concrete  column  has 
proved  a success. 

Many  tests  have  been  made  on  small  specimens,  such  as 
cubes,  cylinders, and  small  columns,  but  comparatively  few  have  been 
reported  on  columns  such  as  are  used  in  actual  building  construction . 
The  tests  known  to  the  writers  which  were  made  previous  to  this 
series,  a part  of  which  is  described  in  this  thesis,  are;  a series 
made  at  the  Massachusetts  Institute  of  Technology  on  square  columns, 
a series  made  at  the  Watertown  Arsenal,  and  three  series  made  at 
the  University  of  Illinois  Engineering  Experiment  Station  under  the 
direction  of  Prof.  A.  N.  Talbot.  Of  the  latter,  one  series  was 
made  in  1906  and  reported  in  Bulletin  No.  10  of  the  University  of 
Illinois  Engineering  Experiment  Station  and  in  the  thesis  of 


. 
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Mr.  R.  C.  Llewellyn,  Class  of  ’06.  It  consists  of  tests  of  square 

rods. 

columns,  both  plain  concrete  and  reinforced  with  longitudinal 
next  series  wa3  made  in  190?  and  was  reported  in  the  thesis  of 
Messrs.  Grear,  Hoff,  and  Mowder,  Class  of  *07,  and  in  Bulletin  No.  20 
of  the  Engineering  Experiment  Station.  This  series  consisted  of 
tests  of  plain  columns,  band-hooped  columns,  and  spirally  hooped 
columns  ten  feet  in  length  and  of  circular  cross  section.  These 
columns  were  generally  12  in.  in  diameter,  although  a few  were 
9 in.  The  next  series  was  made  in  1908  and  reported  in  the  theat  3 
of  (1)  Messrs.  Gonnerman,  Slaymaker,  and  Weber,  (2)  Burch  and  Heaney, 
(3)  Grubel  and  Hudson.  This  series  reported  the  tests  on  plain 
columns  and  columns  reinforced  with  varying  percentages  of  spiral 
and  band  hooped  reinforcements.  Nothing  was  attempted  on  longitu- 
dinally reinforced  columns . About  130  specimens  in  all  were  tested. 
A bulletin  on  this  work  is  expected  in  the  near  future  from  the 
University  of  Illinois  Engineering  Experiment  Station. 

The  1909  series  has  extended  the  work  a little  farther  than 
attempted  at  any  previous  time,  the  new  features  being  the  testing 
of  columns  reinforced  with  structural  shapes  and  with  a combination 
of  spiral  and  longitudinal  reinforcement.  This  series  of  tests 
consisted  in  breaking  5 plain  concrete  columns,  24  spiral— hooped 
columns,  15  combined  spiral  and  longitudinal  columns,  11  longitu- 
dinal reinforced  columns,  and  10  columns  reinforced  with  structural 
shapes . 

This  thesis  will  discuss  only  the  columns  having  the 
combined  spiral  and  longitudinal  reinforcement.  The  testing  work 
on  this  series  was  carried  on  in  connection  with  the  other  column 


tests  of  this  year,  but  the  special  work  of  making  the  calculations 
and  drawings,  of  writing  up  the  results,  and  of  drawing  conclusions 
has  been  done  jointly  by  the  writers, 

3.  Scope. 

This  thesis  is  to  cover  (1)  the  testing  to  destruction  of 
eleven  18-in.  concrete  columns  reinforced  with  1,44$  of  i— in.  spiral 
reinforcement  and  a varying  amount  of  longitudinal  reinforcement, 

(2)  the  presentation  of  the  data  of  the  tests,  and  (3)  the  drawing 
of  conclusions  from  a study  of  these  tests  concerning  the  variation 
of  stresses  in  the  steel  and  concrete  due  to  different  percentages 
of  longitudinal  reinf orcement> and  to  different  methods  of  spacing 
and  fixing  the  ends  of  the  rods. 

It  was  originally  planned  to  include  the  tests  of  four 
columns  loaded  repeatedly  at  gradually  increasing  increments  until 
failure.  It  was  hoped  that  something  concerning  the  variation  of 
stresses  and  the  variation  of  deformations  could  be  deduced. 

However,  these  tests  were  delayed  so  that  only  one  could  be  corn-- 
pleted  and  it  has  been  deemed  best  not  to  include  it  in  this  thesis. 


TT.  MATERIALS,  TEST  PIECES  AND  METHOD  OF  TESTING. 

3.  Materials. 

Steel The  spiral  used  was  J— in.  high  carbon  steel  with 
a pitch  of  1 in.,  formed  to  a 13  in.  diameter.  The  pitch  of  the 
spiral  was  maintained  by  three  iron  spacing  straps  extending 
throughout  the  length  of  the  column.  (See  Fig.  A ) The  spacing 
straps  were  built  up  of  two  strips,  1/8  x 1/3— in.,  riveted  together, 
the  outer  one  of  which  was  crimped  to  fit  over  the  spiral. 

The  rod3  were  of  Bessemer  steel  having  a yield  point  of 
33  600  to  44  000  lb.  per  sq.  in.  The  amount  of  longitudinal  steel 
varied  from  6—4-in.  rods  to  8— fi'— in.  rods,  or  from  3.34%  to  9.15^ 
of  the  net  area  of  concrete  in  the  column.  No  deformed  bars  were 
used.  The  scale  which  had  accumulated  on  the  rods  previous  to  the 
time  of  making  the  columns  was  not  removed.  Table  1 gives  the 
results  of  tests  on  the  ends  cut  from  the  bars. 
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Tests  of 

Table  1 , 

Longitudinal  Steel  Reinforcement. 
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Col.  No. 

Dia. 

of  Pod 

in. 

Percent 

Elongation 

Yield  Point 
lb. 

Ultimate 

lb. 

Unit  Loads 
Yield  Ultimate 
Point 

lb. per  sq.in. 

60 

.750 

35 

15  700 

25  000 

36  100 

57  400 

.751 

35 

16  000 

25  400 

40  300 

63  800 

47 

.750 

30 

16  600 

26  500 

37  200 

59  300 

.755 

30 

17  600 

26  200 

39  400 

58  700 

9 

.506 

25 

7 700 

11  900 

38  300 

59  300 

.508 

30 

7 200 

11  500 

35  600 

56  800 

.507 

27 

7 200 

11  500 

35  700 

57  000 

.508 

30 

7 600 

11  400 

37  500 

56  400 

.506 

29 

7 600 

11  700 

37  800 

58  300 

.508 

27 

7 500 

11  800 

37  000 

58  400 

.507 

25 

7 800 

12  300 

38  700 

61  000 

18 

.730 

20 

24  500 

39  700 

33  600 

54  500 

.725 

10 

31  800 

53  100 

44  000 

73  500 

1.004 

13 

46  500 

83  900 

1 .005 

10 

47  000 

76  500 

1.008 

16 

52  800 

88  800 

1,244 

70  500 

56  600 

1 .255 

62  800 

5 000 

1.250 

35 

41  400 

69  100 

33  100 

55  500 

1.254 

66  400 

53  900 

1.250 

69  COO 

55  800 
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Sand  and  Stone The  aggregate  for  the  concrete  consisted 
of  crushed  limestone  from  Kankakee,  Illinois,  and  a good  quality  of 
clean,  sharp  sand  from  Attica,  Indiana.  The  following  tables  give 
the  mechanical  analysis  of  the  sand  and  stone.  The  samples  were 
taken  at  random  from  the  different  shipments. 


Table  2. 

Fineness  Test  of  Stone 


Sample  No. 

1 

in.  3/4  in. 

Per  cent  Passing  Sieve 

1/2  in.  3/8  in.  No,  3 No.  5 

No..  10 

1 

93.8 

52.6 

32.9 

15.7 

2.55 

1.25 

2 

90.3 

56  .2 

32.1 

14.2 

1.45 

0.90 

1 

88.6 

51 .6 

22.9 

9.3 

0.60 

0.50 

2 

92.0 

57  .3 

30.4 

12.7 

0.62 

0.38 

1 

85 .5 

43.0 

25.9 

10.9 

0.90 

0.50 

2 

85.0 

53.5 

27  .3 

12.6 

1.40 

0.85 

1 

88.7 

44.9 

22.8 

9.1 

1.1 

0.80 

2 

85.2 

40.0 

20  .9 

9.9 

0.9 

0.50 

1 

89.7 

53.8 

30.6 

14,2 

0.9 

0.6 

2 

91.2 

50.9 

30.9 

14.7 

1.7 

0.9 

1 

88.3 

52.0 

31.1 

15.0 

2.0 

1.3 

2 

89.8 

56  .0 

32,1 

16.2 

2.4 

1.5 

1 

91.8 

61.8 

35.3 

16  .6 

2.7 

1.3 

2 

88.6 

57.9 

33  .8 

17.8 

3.5 

2.1 

1 

87  .7 

54,1 

34.1 

16.5 

2.8 

1.2 

2 

90.1 

50.0 

29.6 

12.9 

1.7 

1.0 

1 

84.8 

52.5 

33.7 

17.9 

2.5 

0.8 

2 

81.0 

45,8 

27.6 

13.1 

2.0 

0.8 

1 

87.0 

54  .1 

34  .2 

16.1 

2.5 

1.4 

2 

88.5 

56  .6 

35.0 

18.6 

3.1 

1.2 

1 

78  .2 

37.5 

15  .3 

6 .3 

0.7 

0.4 

2 

86  .4 

40.0 

16  .8 

10.0 

0.8 

0.5 

Av . 

87.9 

51.01 

29  .36 

13 ,65 

1.76 

0.94 

Table  3. 

Void  Test3  of  Stone. 


Weight 

Date  *Box  + Box  + Net  Percent 


Stone 

Stone  + 
Water 

Weight 

Water 

Voids 

12— £9— 08 

83  .0 

114.3 

31.3 

50.0 

1-8-09 

172.6 

201.2 

28  .6 

45.8 

2-22-09 

162.5 

193.5 

31.0 

49.7 

Av. 

48.5 

*Box  used  contained  1 cubic  foot. 


Table  4. 

Fineness  Test  of  Sand. 


Sample  Percent  passing  sieve  No. 


No. 

3 

5 

10 

12 

16 

18 

30 

40 

50 

74 

150 

1 

99.7 

94.2 

75.5 

69.6 

62.8 

53.0 

32.0 

18.8 

5.9 

3.2 

1.7 

2 

99.5 

94.6 

75.4 

68.7 

62.2 

52.1 

32.3 

18.2 

6 .4 

3.4 

0.8 

1 

99.5 

93.3 

74.3 

67.2 

61.2 

51 .3 

32 .6 

20.0 

7.1 

3 .5 

0.9 

2 

99.7 

94.0 

73.6 

66  .9 

59.8 

50  .3 

31.0 

18.2 

5 .8 

3.0 

0.8 

1 

99.2 

94.0 

75.7 

69.4 

63.5 

53.3 

33.9 

21.2 

7.4 

3 .8 

1.0 

2 

99.6 

94.5 

74.3 

62.5 

60.2 

50.0 

30.4 

16  .3 

5.4 

2.9 

0.7 

1* 

99.7 

96.6 

77  .9 

71.3 

64.0 

52.8 

30.6 

18.7 

5.5 

3.6 

0.9 

2 

99.6 

96.2 

77.0 

70  .3 

63.0 

51.7 

29.6 

17.3 

5.5 

3.0 

0.5 

1**  99.9 

98.2 

78.4 

71.1 

63.0 

50.4 

25.6 

15.5 

6.6 

3 .8 

1.0 

2 

99.9 

98.1 

78  .6 

70.9 

62.1 

48.0 

22.1 

13.5 

5.8 

3.4 

0.9 

1 

99.7 

98.0 

79.7 

72.5 

64  .3 

51.3 

25.5 

15.0 

5.8 

3.0 

0.8 

2 

99.9 

97  .8 

98.3 

70.2 

61.3 

47.5 

20.6 

11.3 

4.0 

2.1 

0.3 

1 

99  .7 

95.1 

76.4 

69.9 

63  .4 

53.8 

33  .4 

20  .3 

7.1 

3 . 6 

0 .8 

2 

99.6 

94.4 

75.5 

68  .7 

62.0 

51 .0 

30.9 

16  .6 

5.2 

2.8 

0.7 

1 

99.6 

95.1 

76.2 

70.2 

63  .7 

53.7 

33.5 

19.1 

6.1 

3.0 

0 .6 

2 

99.7 

95.0 

76.2 

69.5 

62.7 

52.8 

32.3 

17.7 

5.3 

2.7 

0.4 

1 99.8  98.8  82.1  75.5  67.8  54.6  26.5  14.4  5.2  2.8  0.8 

2 99.7  98.4  80.4  72.7  64.4  49.7  23.0  12.7  4.8  2.6  0.8 

Av.  99.66  95.90  76.90  69.83  62.85  51.56  26.99  16.93  5.82  3.12  0.8 

*Dusty.  **Quite  dusty. 

All  3and  taken  from  the  Laboratory  of  Applied  Mechanics. 


Table  5. 


Void 

Tests  of 

Sand . 

Weight 

Date 

Box  + 
Stone 

Box  + 
Stone  + 
Water 

Net 

Weight 

Water 

Percent 

Voids 

12-29-08 

99  .8 

128.9 

29.1 

46.7 

1-8-09 

184.4 

213.2 

28  .8 

46,1 

2-23-09 

186.0 

215.2 

29.2 

46  ,8 

Avs. 

46.5 

*Box  used  contained  1 cubic  foot. 
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Cement The  cement  used  was  Universal  Portland  cement 
received  in  cloth  bags  containing  1/4  barrel.  Table  6 gives  tests 
of  the  cement  made  in  the  Cement  Laboratory  of  tne  University  of 
Illinois . 

Table  6 . 

Tests  of  Cement. 


Universal  Portland 


Tens 

ile  Test  Briquet 

tes 

No. 

7 day 

test 

28  day 

test 

Neat 

1-3 

Neat 

1-3 

1 

585 

210 

730 

290 

2 

615 

185 

755 

305 

3 

615 

195 

720 

255 

4 

590 

195 

715 

300 

5 

630 

200 

750 

255 

Av. 

607 

197 

732 

281 

1 

610 

185 

770 

295 

2 

570 

175 

795 

280 

3 

595 

170 

750 

290 

4 

595 

190 

790 

265 

5 

605 

175 

755 

270 

Av . 

595 

179 

772 

280 

1 

605 

180 

870 

310 

2 

620 

135 

880 

265 

3 

600 

170 

835 

255 

4 

630 

145 

830 

265 

5 

630 

170 

850 

300 

Av . 

617 

160 

853 

278 

Av . 

606 

179 

786 

280 
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Concrete The  concrete  was  mixed  by  hand  on  a steel 
mixing  board  on  the  floor  of  the  Laboratory  of  Applied  Mechanics. 

The  mixture  was  made  as  wet  a3  could  be  easily  handled  with  shovels, 
each  batch  containing  sufficient  material  for  the  column  at  hand. 

The  mixtures  used  were  one  of  cement,  two  of  sand,  and  four  ol 
stone;  and  one  cement,  one  of  sand,  and  two  of  stone,  proportioned 
by  loose  volume,  although  the  materials  were  also  weighed.  The 
age  of  the  columns  was  usually  about  60  days  but  in  some  cases  ran 
as  high  as  9?  days. 

Forms.—  The  column  forms  were  of  galvanized  sheet  steel, 
bent  into  cylindrical  shape  and  held  in  position  by  wrought  iron 
bands  one  inch  wide  and  3/16  inch  thick;  (See  Fig.  1 ) . They 
were  built  in  sections  2%  ft.  long,  fitted  together  in  stove  pipe 
fashion.  No  effort  was  made  to  decrease  the  slight  variation  of 
cross  section  of  the  column  due  to  the  stove  pipe  joints  of  the 
form.  The  forms  remained  in  place  about  10  days  after  the  com- 
pletion of  the  column. 

4.  Test— pieces. 

Me thod  of  Making.—  The  forms  were  set  up  on  a cast-iron 
base  x^iite  14  x 14  x l£  in.  which  served  as  a bearing  plate  at  the 
time  of  testing;  (See  Fig,  3 ).  After  the  forms  had  been  erected 
to  the  full  height  of  the  column  the  concrete  was  poured  in  from 
the  top.  No  tamping  was  attempted  until  the  concrete  had  nearly 
filled  the  form,  at  which  time  it  was  rammed  until  water  flushed 

. 

to  the  surface.  The  spiral  reinforcement  was  covered  on  the  out— 
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side  by  1/4  to  1/16  inches  of  concrete.  The  length  of  the 
columns  ranged  from  10  ft.  1 in.  to  1C  ft.  4 in. 

Table  ? gives  the  general  data  concerning  the  columns. 
From  the  same  batch  of  concrete  from  which  the  columns 
were  made,  three  G~in.  cubes  without  reinforcement  were  made. 
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Storage .—  Tlie  columns  remained  where  built  until  tested. 

Cube  Tests.—  The  cubes  were  stored  in  damp  sand  from 
60  to  180  days  before  being  tested.  Table  8 gives  the  results  of 
these  tests  and  Table  9 a comparison  of  the  strength  of  the  cubes 
and  the  stress  carried  by  the  concrete  acting  alone  in  the  columns. 

5.  Testing. 

Testing  Machines .—  All  tests  were  made  on  the  machines 
of  the  Laboratory  of  Applied  Mechanics,  the  600  000— lb.  Riehle 
being  used  for  columns  and  the  100  000— lb.  Riehle  for  the  steel 
and  cube  tests.  In  testing  the  columns  a speed  of  0.05  in.  per 
minute  was  employed  in  applying  the  load. 

Measuring  Devices .-  The  deformation  of  the  columns  was 

measured  by  Johnson  extensometers  which  read  directly  to  .001  inch 

and  by  estimation  to  .0001  inch.  A gauge  length  of  100  inches 

center  to  center  of  yokes  was  used  throughout  the  test.  The 

change  in  length  of  the  column  was  carried  to  the  dials  of  the 

extensometers  by  means  of  wooden  rods  having  a steel  bearing  strip 

attached  to  the  lower  ends.  The  tops  of  the  rods  were  fastened 

the 

to  the  upper  yoke  whileA steel  bearing  strips  rotated  the  cylinders 
of  the  extensometers by  friction.  To  provide  better  contact  the 
tearing  side  of  the  strip  was  made  slightly  convex  and  held  against 
the  cylinder  by  means  of  rubber  bands. 


A fine  silk  thread  was  stretched  between  two  nail  plates 
attached  by  means  of  plaster  of  paris  to  the  top  and  bottom  of  the 
column.  The  slack  in  the  thread  due  to  the  deformation  of  the 
column  v*/a3  taken  up  by  a rubber  band  connecting  the  lower  end  of  the 
thread  to  the  nail  plate.  The  deflection  was  measured  by  reading 
the  scales  on  two  mirrors  at  right  angles  to  each  other  placed  on 
the  surface  of  the  column,  midway  between  the  plates;  (See  Fig.  6 ). 

Methods  of  Testing.-  A plate  similar  to  the  one  upon 
which  the  column  was  built  was  embedded  in  a cushion  of  plaster  of 
paris  on  the  top  of  the  column  and  leveled  up  perpendicular  to  the 
axis  of  the  specimen.  This  plate  served  as  the  upper  bearing 
plate  for  the  teat.  The  bearing  plates  were  connected  by  vertical 
rods  and  the  specimen  carried  to  the  machine  in  an  upright  position 
by  means  of  an  overhead  trolley  system. 

Great  care  was  taken  in  centering  the  column  in  the 
machine  in  order  that  the  load  might  be  applied  concentrically. 

The  load  was  applied  in  increments  of  about  25  000  lb.  through  a 
self-adjusting,  spherical  bearing  block.  Zero  readings  were  taken 
on  all  instruments  with  an  initial  load  of  approximately  6 TOO  lb. 
on  the  column. 

The  tests  were  conducted  by  a party  of  3 or  4 senior 
engineering  students  in  charge  of  a member  of  the  Engineering  Ex- 
periment Station  staff.  Although  the  writers  of  this  thesis  did 
their  part  in  the  work  of  testing  columns,  it  was  not  possible  for 
them  to  be  present  when  every  combination  spiral— longitudinal  col- 
umn was  being  tested. 
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Table  8. 

Tests  of 

6— in.  Cubes 

Col . 

Mixture 

Age  when 

Load 

Stress 

Average 

No  . 

Tested 

pounds 

lb . per 

lb . per 

days 

sq.in . 

sq.  in. 

5 

1—2—4 

96 

74  000 

2060 

96 

56  000 

1560 

101 

79  800 

2220 

1950 

18 

1-2-4 

121 

100  OCO 

2780 

121 

105  100 

2865 

121 

104  200 

2895 

2847 

42 

1-2-4 

68 

74  200 

2065 

68 

68  300 

1900 

68 

77  300 

2140 

2035 

10 

1-3-4 

92 

94  000 

2610 

92 

80  000 

2220 

97 

114  200 

3170 

2670 

29 

1-2-4 

71 

79  300 

2305 

71 

69  100 

1920 

71 

84  500 

2350 

2158 

11 

1-2-4 

94 

107  350 

2980 

94 

98  200 

2730 

94 

98  400 

2730 

2815 

9 

1-1-2 

97 

200  200 

5560 

97 

190  300 

5280 

97 

172  100 

4780 

5215 

Table  9. 

Stresses  Carried  in  Columns  and  Cubes. 


__ Columns G— in.  Cubes 

No.  Age  Percent  Maximum  Load'  " Age  Total  'Per  sq. 

days  Longitudinal  To tal : Per  sqYi'n . neTArea  days  Load  in. 

Reinforcement  lb.  : Concrete. 

• Total  Stress 

Stress  = Carried 
Total  by  c on- 

net  A crete. 

lb .per 

__  _ _ so  .in. 


J 5 

93 

<4  * 

ep  ° 

4-2"'  & 

< 18 

97 

2,29 

478 

000 

4200 

1625 

121 

102 

400 

2847 

'38 

58 

2.29 

‘-foT 

390 

000 

3320 

454 

59 

5.65 

*■  435 

000 

3900 

500 

o 

CO 

-/ 

60 

5.65 

281 

000 

2520 

450 

‘lO 

85 

9.15 

586 

000 

5500 

2125 

94 

96 

100 

2670 

"29 

60 

9.15 

479 

000 

4400 

1100 

71 

77 

600 

2658 

47 

69 

9.15 

470 

000 

4350 

ll 

80 

2,29 

443 

000 

3850 

1625 

94 

101 

300 

2815 

'25 

64 

5.65 

468 

000 

4.200 

1475 

9 

53 

5.65 

651 

000* 

5810 

3525 

97 

187 

533 

5215 

55 

168 

5 .65 

508 

000 

4550 

1125 

*Lid  not  fail. 

Note:-  All  columns  1-3-4  mixture  except  No.  9 and  55  which  were  1-1-c . 
Note:—  No.  38,  repetitive  loading. 
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Table 

7. 

• 

Description  of  Columns. 

Col. 

Length  ..  Die,— 

Age 

Reinforcement 

Area 

No . 

ft 

. in.  meter 

Days 

Rods 

Spiral 

Percent 

Longi— 

Concreti 

on  out- 
side of 
helix 
in . 

No. 

Size 
in . 

Sec . 
in . 

PiVRods  Spiral 
ch . 
in . 

tudin— 

al 

Steel 
sq.  in 

sq.  in  . 

• 

5 

10 

8j  18 

93 

6 

3. 

4 

£ 

1 

2.30 

1.44 

2.64 

114.36 

18 

10 

2 12 

97 

6 

3 

4 

£ 

1 

2.29 

1.44 

2.64 

114.36 

38 

10 

3 11.92 

58 

6 

3 

4 

JL 

4r 

1 

2.29 

1.44 

2.64 

115.4 

42 

Not  tested  . 

8 

1 

A 

•4 

1 

5 .65 

1.44 

54 

10 

8 12| 

59 

8 

1 

A 

4 

1 

5 .65 

1.44 

6 .28 

111.72 

60 

10 

3g  11.64 

60 

8 

1 

1 

4 

1 

5 .65 

1.44 

6 .28 

117.2 

10 

10 

1 12 

85 

8 

ii 

1. 

4 

1 

9.15 

1.44 

9.90 

108.1 

29 

10 

si  i&| 

60 

8 

i a. 
-*-4, 

1 

4 

1 

9.15 

1.44 

9.90 

108.1 

47  \ 

10 

P 1 lUI 

ii16 

69 

8 

ii 

A 

4 

1 

9.15 

1.44 

9.9 

108.1 

11 

10 

3 12 

80 

6 

a 

4 

A 

4 

1 

2.29 

1.44 

2.64 

115.0 

46 

Not  tested 

6 

3 

4: 

4 

1 

2.29 

1.44 

25 

10 

m 12 

** 

64 

8 

1 

1 

4 

1 

5.65 

1.44 

6 .30 

111.7 

50 

Not  tested 

8 

1 

£ 

1 

5 .65 

1 .44 

9 

10 

2 12.00 

53 

8 

1 

1 

1 

5 .65 

1.44 

6.30 

111.72 

55  , 

10 

1 12.01 

59 

8 

1 

1. 

4 

1 

5 .65 

1.44 

6.28 

111.72 

Note 

Note 

• 

• _ 

All  columns  except  9 
Column  38  repetitive 

and  55  of 

loading. 

1-2- 

-4  mixture , 

1? 

TIT.  DISCUSSION. 

6.  Method  of  Failure  of  Columns. 

The  first  sign  of  failure  was  usually  the  spalling  off 

of  the  concrete  over  the  spacing  bars  which  held  the  spiral.  This 

unit 

occurred,  in  general  at  a^def ormation  of  from  0.001  to  0.0015  inch 
for  the  1— 3—4  columns  and  from  0.0013  to  0.0017  inch  for  the  1—1—2 
columns.  It  was  noticeable  that  this  spalling  did  not  indicate 
the  immediate  failure  of  the  columns,  and  no  other  cracks  appeared 
until  the  load  had  been  increased  considerably. 

The  failures  were  nearly  all  due  to  crushing  in  the  upper 

2 ft.  of  the  column. 

The  amount  of  flexure  which  was  apx>arent  in  all  these 
columns  was  exceptionally  small  for  hooped  columns,  ranging  from 
0.07  in.  to  1 in.,  except  that  Column  No.  60  finally  deflected 

3 inches. 

In  Columns  No.  10  and  47,  a conical  block  of  concrete, 
about  4 inches  deep  and  having  the  maximum  diameter  of  the  circle 
formed  by  the  inside  of  the  rods,  fell  out  when  the  column  was  taken 
out  of  the  machine.  This  would  seem  to  indicate  that  the  load  was 
not  uniformly  distributed  over  the  cross  section  area  of  the  con- 
crete and  the  steel,  but  that  in  the  upper  4 inches  of  the  length 
a much  larger  proportion  of  the  load  was  carried  by  the  concrete 
than  would  theoretically  be  true.  As  the  bond  between  the  steel 
and  concrete  was  not  perfect  the  concrete  failed  along  the  line  of 
the  cone . 
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Some  of  the  plain  concrete  columns  tested  in  the 


laboratory  failed  in  a somewhat  similar  way  in  that  the  top 
crushed  down  over  a cone-shaped  mass  but  in  these  the  usual  zone 
of  rupture  was  within  the  middle  third  of  the  length  of  the  col- 
umn, while  the  columns  reinforced  with  the  combination  of  3piral 
and  longitudinal  steel  failed  near  the  top  as  stated  above. 

Fig,  7 shows  the  method  of  failures. 


In  one  of  the  columns  of  this  series  which  had  only 


longitudinal  reinforcement  the  same  kind  of  failure  was  apparent, 
but  in  this  case  the  rods  were  pushed  outward.  Failure  appeared 
sooner  than  for  the  columns  reinforced  with  both  longitudinal  and 
spiral  steel. 


Tn  general,  after  reaching  the  maximum  the  load  fell  off 


gradually  after  holding  at  the  maximum  for  a considerable  time. 

Tn  Columns  No,  25,  29,  47,  54,  and  55,  one  or  more  of  the  spirals 
in  the  upper  9 inches  of  the  column  broke  soon  after  the  maximum 
was  reached.  Whenever  the  spiral  gave  way  the  instrument  readings 
were  thrown  off  by  the  jar  of  failure,  Tn  some  cases  the  shock 
was  enough  to  loosen  the  plaster  of  paris  which  held  the  nail  plates. 
Tn  no  case  was  the  failure  sudden,  as  with  the  plain  concrete  columns 


/y'g.  7 
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Throughout  the  tests  with  the  exception  of  the  crushing 
near  the  top,  a little  spalling  and  some  bending  there  was  no 
marked  sign  of  failure  at  the  maximum  load  and  in  some  instances 
the  only  indication  of  failure  was  the  dropping  of  the  weighing 
be  aril. 

Several  suggestions  why  the  crushing  occurred  at  the  top 
follow:  (1)  an  inaccurate  centering  of  the  specimen  in  the 

machine  may  cause  eccentric  loading,  (2)  the  columns  themselves 
may  be  stronger  in  the  lower  portion  due  to  the  richer  mixture 
settling  to  the  bottom,  (3)  the  greater  porosity  due  to  the  drying 
out  of  the  upper  part  of  the  column  earlier  than  the  lower  part, 

7,  Explanation  of  Curves, 

The  curves  v/hich  are  appended  show  the  relation  between 
the  unit  stress  and  the  deformation.  A stress  deformation  diagram 
was  plotted  for  each  of  the  four  extensometers  and  points  which 
seemed  to  indicate  a slipping  of  the  instruments  were  thrown  out. 

An  average  of  the  readings  for  each  load  which  had  been  retained 
was  plotted  as  the  final  curve,  A steel  line  was  then  drawn  which 
shows  the  stresses  carried  by  the  steel  in  pounds  per  square  inch 
of  the  net  area  of  the  concrete . 

For  this  curve  a modulus  of  elasticity  of  30  000  COO 
was  assumed.  By  the  theory  of  elasticity,  S = E A , where  S = 
unit  stress  in  steel,  E — modulus  of  elasticity,  and  = unit 
def  orm-ation . With  a deformation  of  0.002,  S_  equals  30  000  000  X 
.002  = GO  000.  As  only  a small  percent  of  the  area  is  covered 
the  stress  carried  by  the  steel  may  be  reduced  to  terms  of  the 
net  area  of  concrete  by  multiplying  by  the  percent  of  steel.  Then 


Si 


2f 

P Ee  will  be  the  corresponding  stress  spread  over  the  area  of  tne 

concrete  where  _p_  is  the  percent  of  longitudinal  reinforcement 

referred  to  the  net  area  of  concrete.  For  2. '60%  reinforcement 

a unit  stress  of  138C  lb.  per  sq.  in,  is  obtained  for  a unit 

deformation  of  0.002.  Although  this  relation  holds  up  to  the 

elastic  limit  of  the  concrete  it  does  not  follow  that  the  steel 

strength  of  the 

line  is  straight  above  the  point  at  which  the^concrete  alone  is 
a maximum. 

From  the  two  curves  a third  was  plotted  which  shows  the 
stress  in  the  concrete  acting  alone,  and  which  is  obtained  by 
subtracting  the  ordinates  of  the  steel  curve  from  those  of  the 
column  curve  for  the  same  defamation. The  upper  curve  on  the  diagrams 
of  Columns  No.  60,  55,  47,  54,  and  25  shows  the  amount  of  lateral 
deflection  of  the  column  at  various  loads. 

Fig.  8 shows  the  different  curves  as  they  appear  on 
the  diagrams. 


Ft<].  6 
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$.  Effect  of  End  Conditions* 

Probably  the  most  important  detail  in  the  whole  manu- 
facture of  the  columns  is  the  method  of  finishing  the  ends.  At 
the  base  it  is  comparatively  easy  to  place  the  ends  of  the  rods 
at  an  equal  distance  from  the  base  plate,  but  at  the  top,  a 
difference  of  only  1/15  to  1/8  in.  in  length  of  the  rods  may  set 
u|>  deflection  in  the  columns  which  otherwise  would  not  have 
occurred.  The  two  things  which  seem  to  affect  the  deflection 

ob  the  column  are  (1)  distance  of  the  ends  of  the  rods  from  the 

-r 

bearing  plates  and  (2)  the  unequal  circumferential  spacing  of  the 
rods  in  the  column. 

In  Column  No.  GO,  2^  in.  of  concrete  was  left  between 
the  ends  of  the  rods  and  the  top  bearing  plate . The  curve  on 
page  56  and  the  test  data  on  page  55  show  that  the  deformation 
was  very  large  even  at  comparatively  low  loads,  and  that  the 
ultimate  deflection  was  about  three  inches.  Probably  the  con- 
crete in  the  upper  2 in.  crushed  down  rapidly  and  unequally  until 
a large  proportion  of  the  stress  was  carried  by  the  rods.  The 
unequal  distribution  of  this  stress  in  the  rods  caused  them  to 
buckle,  thereby  increasing  the  deflection.  The  column  finally 
failed  by  a combination  of  this  flexure  and  crushing  at  the  top. 

In  Column  No.  5 the  bars  were  spaced  unequally  around 
the  inner  circumference  of  the  spiral.  Fig.  12  shows  a section 
through  the  base.  Although  no  mirror  readings  were  taken  on 
tliis  column  it  was  noticeable  that  the  column  deflected  towards 
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the  side  of  the  most  reinforcement,  showing  that  the  side  con- 
taining the  least  steel  deformed  more  rapidly,  causing  greater 
deflection , 

From  the  actions  of  column  No.  60  it  might  be  concluded 
that  reinforcing  bars  should  be  brought  close  to  the  top  in  order 
that  the  stress  may  be  transferred  to  the  3teel  through  as  little 
concrete  as  possible.  However,  it  would  seem  that  if  the  rods 
end  too  near  the  bearing  plate  they  tend  to  buckle  outward  and 
start  deflection,  especially  if  there  is  any  inequality  in  the 
length  of  the  bars.  In  conclusion,  it  might  be  stated  that  if 
the  spiral  is  strong  enough  to  carry  the  stress  brought  upon  it 
by  the  buckling  of  the  rods,  the  ends  may  be  brought  nearer  the 
top  of  the  column  than  if  no  spiral  were  used.  This  statement 
seems  to  be  corroborated  by  tests  upon  columns  with  longitudinal 
reinforcement  alone.  The  action  of  Column  No.  5 shows  that  it  is 
also  very  important  to  space  the  rods  evenly  around  the  inner 
circumference  of  the  spiral. 

9.  Effect  of  High  Percentages  of  Reinforcement. 

Considere  gives  the  following  formula  for  computing  the 
strength  of  short  columns  reinforced  with  a combination  of  longi- 
tudinal and  spiral  reinforcement. 

C = 1.5c  + 2400  p + 5100  p* 

where 

C = the  unit  strength  of  the  hooped  column 
c = the  unit  strength  of  plain  concrete  column 


~Pyr  / y ^ 


p = the  ratio  of  the  longitudinal  reinforcement  to 
the  concrete  core 

p’=  the  ratio  of  the  hooping  to  the  concrete  core. 
For  Columns  No.  5,  11,  and  18,  this  would  give  a value  of  8738  lb. 
per  sq.  in.,  considering  the  maximum  stress  taken  by  a plain  con- 
crete column  as  1740  lb.  per  sq.  in.,  which  is  the  result  given 
in  Bulletin  No.  SO  of  the  Engineering  Experiment  Station.  This 
checks  very  closely  with  the  average  stress  carried  in  the  column 
at  the  point  of  maximum  stress,  in  the  concrete  acting  alone,  but 
does  not  coincide  with  the  ultimate  stress  carried  by  the  columns. 

In  Columns  No.  85,  54,  and  60,  with  5.65$  reinforcement, 

_C  becomes  8880  lb.  per  sq.  in.,  which  again  agrees  with  the  stress 
in  the  column  at  the  maximum  stress  in  the  concrete  acting  alone. 

In  Columns  No.  47,  10,  and  89,  having  9.15$  reinforcement 
jC  equals  8900  lb.  per  sq.  in.,  which  checks  with  the  strength  of 
the  Columns  No.  47  and  89  but  is  only  about  63$  of  that  of  No.  10. 

From  both  this  formula  and  the  tests  made,  it  appears 
that  reinforcement  is  not  as  effecient  in  high  as  in  low  percent- 
ages . 

Fig.  10  shows  the  relation  between  the  ultimate  load 
carried  by  the  steel  and  the  percent  of  reinforcement,  while 
Fig.  11  gives  the  relation  between  the  amount  carried  by  the 
concrete  alone  and  the  percentages  of  reinforcement. 

Value  of  _N  in  Columns  Tested, 

Throughout  this  thesis  the  writers  have  tried  to  find 
the  relation  of  the  stress  in  the  concrete  to  the  stress  in  the 
steel  and  deem  it  fitting  to  insert  at  this  point  a theoretical 
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discussion  of  this  relation.  It  must  he  understood  throughout 
this  discussion  that  it  was  assumed  that  the  bond  between  the 
steel  and  concrete  was  perfect.  However,  as  this  is  not  the  case 
beyond  the  elastic  limit  of  the  steel  these  values  of  N.  do  not 
hold  for  deformations  beyond  which  the  stress  carried  by  the  con- 
crete alone  Is  a maximum. 

For  these  computations  let: 

P = total,  load  on  column 

A — net  area  of  concrete  after  deducting  area  of  rods 

P 

C.  = = unit  stress  per  square  inch  in  columns 

■n 

c = stress  per  square  inch  in  concrete  acting  alone 

N = ratio  of  unit  stress  in  steel  to  unit  stress 
in  concrete 

p = percent  longitudinal  reinforcement  computed 
from  net  area  of  concrete 
C — c + Hep 

then  c __  c 

N = — — stress  in  steel,  considered  to  be  dis— 

Pc  tributed  over  net  area  of  concrete, 

divided  by  percentage  of  reinforcement, 
times  the  unit  stress  of  the  concrete 
alone . 

Table  10  gives  the  values  of  N.  for  the  various  columns. 
Figure  9 is  plotted  from  these  values  and  seems  to  show  that 
H remains  nearly  constant  from  2.29%  to  5.65%  reinforcement,  but 
decreases  after  this  point  i3  reached.  It  will  also  be  noted 
that  the  values  for  H_  for  1—1—2  mixture  are  less  than  for  the 
1—2—4  mixture  for  the  same  reinforcement. 


Table  10. 


Values  of  N_  for 

columns 

Tested  . 

Col.  No, 

Percent 

Reinforcement 

N 

Mixture 

f; 

2.29 

22.3 

1—2—4 

11 

2.29 

20.4 

1—2—4 

18 

2.29 

32.2 

1-2-4 

25 

5 .65 

20.1 

1-2-4 

54 

5 .65 

30.0 

1-2-4 

60 

5 ,65 

12.0 

1-2-4 

4? 

9,15 

13.4 

1-2-4 

10 

9,15 

16  .2 

1-2-4 

29 

9.15 

16  .8 

1-2-4 

9 

9.15 

7,12 

1-1-2 

55 

9.15 

17.0 

1—1—2 
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10.  Effect  of  Richness  of  Concrete. 

In  this  series  of  tests  there  were  two  columns, 

No.  9 and  55,  which  were  built  of  1—1—2  concrete  with  5.G5% 
longitudinal  reinforcement,  und  three  columns  of  1-2-4  mixture 
with  the  same  percent  of  reinforcement.  The  following  table 
gives  a comparison  of  the  results  of  these  tests.  It  can  be 
readily  seen  that  the  results  vary  sc  greatly  that  it  is  impossible 
to  draw  any  good  conclusions  as  to  the  effect  of  a rich  mixture 
other  than  it  increases  the  strength  of  column  over  50%. 

Table  11. 

Effect  of  Richness  of  Concrete. 

Col.  Mixture  Maximum  Maximum  Maximum  Load  in  Steel 
No . Load  Stress  Load  at  Maximum  in 

lb.  lb.  per  Concrete  Concrete  act— 

3(1 . in.  lb.  per  ing  alone. 


sq..  in. 

lb. per  sq.in. 

54 

1-2-4 

435  000 

1350  500 

452  000 

l 5"  2oo 

60 

1-2-4 

28  2 0 0 0 

750  450 

5 300 

25 

1—2—4 

468  000 

3150  1475 

29  600 

9 

1-1-2 

651  000 

5888  3475 

37  200 

55 

1-1-2 

508  00 0 

4550  1125 

25  800 

Note : 

— 5.65% 

longitudinal  reinforcement 

• 
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11.  Ultimate  Strength. 

The  question  of  the  relative  amount  of  stress  carried  by 
the  steel  and  concrete  at  the  ultimate  load  is  a difficult  one 
to  decide.  From  the  curves  it  will  be  noted  that  the  steel  curve 
and  the  stress  deformation  diagrams  for  the  columns  acting  as  a 
whole  crossed  before  the  maximum  load  is  reached.  The  elastic 
lima t of  the  steel  is  usually  reached  soon  after  0.0015  unit  de- 
formation. As  the  stress  which  is  theoretically  carried  by  the 
steel  is  far  in  excess  of  the  elastic  limit  at  the  deformation 
for  which  the  maximum  occurs,  it  is  impossible  to  say  how  much  of 
the  stress  is  carried  by  the  steel  at  this  point. 

12.  Strength  of  Columns  at  Maximum  Stress  in  Concrete. 

The  amount  of  cement  required  for  a cubic  yard  of 
1-1-2  concrete  is  2.85  bbl . , while  that  used  for  1-2-4  mixture 
is  1.65  bbl.  Assuming  cement  to  cost  $2.00  per  barrel,  the  cost 
of  one  cubic  yard  of  1—1—2  concrete  is  $10,00,  and  that  of  1—2—4 
mixture  is  $7.50.  This  gives  the  percent  of  excess  cost  as  32%. 
These  tests  show  that  the  strength  gained  with  the  1—1—2  mixture 
over  that  with  a 1—2—4  is  about  1250  lb.  per  sq , in.  of  net  area 
of  concrete.  The  strength  per  square  inch  of  net  area  of  con- 
crete added  by  2.3%  of  longitudinal  steel  is  240  lb.  at  an  addi- 
tional cost  of  $5.95. 

From  the  above  it  may  be  seen  that  for  an  extra  expendi- 
ture of  $2.50  for  cement  an  increase  of  1250  lb.  per  sq.  in.  will 
result  in  the  column  while  by  the  added  cost  of  $5.95  for  steel 


reinforcement  only  240  lb.  per  sq.  in.  is  gained.  From  this  it 
would  seem  that  cement  is  both  a cheap  and  efficient  reinforcing 
material  within  certain  limits. 

Table  12seems  to  indicate  that  the  first  signs  of 
spalling  appear  at  a unit  stress  which  agrees  very  closely  to 
the  unit  stress  in  the  column  at  the  point  of  maximum  stress  in 
the  concrete  acting  alone.  As  no  such  relation  has  been  expected 
between  the.se  stresses  the  result  is  the  more  surprising.  Tf 
this  relation  holds  throughout  all  columns  reinforced  in  this 
manner  it  gives  a sensitive  index  at  the  time  of  the  test,  to  the 
maximum  stress  carried  in  the  concrete  alone. 

The  3tress  carried  in  the  steel  in  pounds  per  square 
inch  of  area  of  reinforcement  does  not  seem  to  vary  appreciably 
for  different  amounts,  although  the  maximum  steel  stresses  in  the 
different  columns  are  too  erratic  to  give  much  weight  to  this 
statement.  Table  13  gives  the  stresses  carried  by  the  steel, 
concrete,  and  columns  at  the  point  of  maximum  strength  in  the 
concrete . 
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Table  12. 

Relation  between  Load  at  which  the  First  Sign  of  Spalling 

/\P 

Occurred  and  Stress  at  thich  the  Concrete  heid  the  Maximum 


Load  at  which  Deformation  Stress  in  Column  Deformation  at 

at  point  of  Max—  which  maximum 
imum  Strd3S  in  Stress  in  Con- 
Concrete  acting  crete  occurred 


Col.  Per- 
Mo . Cent  Spalling  was  at  which 
Rein-  first  noted  Spalling 
force—  lb. per  sq.in.  Occurred 


ment 

in. per  in. 

alone 

in.  per 

Kj 

2.29 

2800 

.000969 

2875 

.0015 

11 

2.29 

2010 

.001417 

2500 

.0015 

18 

2.29 

2820 

.0013 

2875 

.00125 

25 

5 .65 

3130 

.00113 

3150 

.00090 

54 

5 .65 

1790 

.00084 

1350 

.00090 

60 

5.65 

1570 — 1790 

.0010-. 0019 

750 

.00025 

4? 

9.15 

3700 

.0015 

2000 

.00045 

10 

9.15 

4850 

.0012 

46  25 

.0010 

29 

9.15 

3700 

.0013 

2800 

.00050 

Table  13. 

Relation  of  Stresses  Carried  by  the  Steel,  Concrete,  and 
Total  Column  at  the  Point  at  which  the  Concrete  Carried  the  Maximum 

Stresses . 


Col. 

Percent 

Mixture 

Stresses  Carried 

No. 

Reinforcement 

by  Column 
lb .per 
sq.in, 
net  area 
Concrete 

By  Concrete 
lb  .per 
sq.in. 

by  Steel 
lb.  per 
sq.in. 
Area 

R 

8.29 

1-2-4 

2875 

1875 

43  000 

11 

2.29 

1-2-4 

2500 

1625 

38  000 

18 

2,29 

1-2-4 

3000 

200C 

43  500 

85 

5 .65 

1-2-4 

3150 

1475 

29  600 

54 

5 .65 

1-2-4 

1350 

500 

15  200 

60 

5.65 

1—3—4 

750 

450 

5 300 

47 

9.15 

1-2-4 

2000 

900 

21  900 

10 

9.15 

1-2-4 

4625 

1875 

30  000 

29 

9.15 

1-2-4 

2800 

1100 

30  600 
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13.  Deflection. 

The  deflection  curves  for  columns  No.  35,  54,  55,  60, 

89,  and  47  indicate  that  up  to  a point  at  which  the  deformation 
is  above  that  for  the  ordinary  ultimate  of  plain  concrete  the 
deflection  is  very  small,  but  when  0.0015  to  0.0080  inches  defor- 
mation is  reached  the  column  bends  very  suddenly  and  rapidly.  As 
both  the  ordinary  ultimate  of  the  concrete  and  the  yield  point  of 
the  steel  have  been  passed  when  the  bending  occurs,  the  stiffness 
of  the  column  i3  lessened  to  a considerable  extent. 
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IV.  CONCLUSIONS. 

This  thesis  may  be  summarized  as  follows: 

(1)  The  columns  all  failed  within  the  upper  two  feet  of 
the  length. 

(2)  Spacing  of  the  reinforcement,  regularity  of  the  ends  of 
the  rods  in  a horizontal  plane,  accurate  centering  of  the  specimen 
in  the  machine,  and  richness  of  the  mixture  at  the  end,  all  affect 
the  amount  of  load  carried  by  the  column. 

(3)  The  increase  in  strength  per  1%  of  reinforcement  is 
greater  up  to  about  3^  than  beyond  that  point,  and  after  5%, more 
reinforcement  is  not  economical. 

(4)  The  amount  of  flexure  v/ith  this  type  of  reinforcement 
is  comparatively  small. 

(5)  Richness  of  mixture  increases  the  strength  but  apparently 
no  definite  law  of  increase  exists, 

(6)  No  definite  conclusions  could  be  made  as  to  stress 
carried  by  the  steel  alone  at  the  ultimate  load. 

(?)  At  the  first  signs  of  spalling  the  concrete  seems  to 
have  reached  its  ultimate  strength.  This  probably  is  the  newest 
and  most  important  tit  of  knowledge  obtained  from  the  thesis. 

(8)  Care  in  the  selection  of  materials,  fabrication,  storage, 
handling  and  testing  all  go  to  increase  the  accuracy  and  reliabil- 
ity of  the  results. 

(9)  Columns  reinforced  in  this  manner  do  not  fail  suddenly. 
The  failure  is  generally  preceded  by  spalling  over  the  spacing 
burs  and  betv/een  the  spiral  hooping. 


. 
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Column  No.  5. 


Load 

lb. 

Unit  Stress 
lb  . per 
sq.  in. 

Def  o mat  i< 
in  100  in 

6 600 

58 

.0000 

21  000 

183 

.0038 

52  000 

460 

*0091 

77  000 

670 

.0149 

103  000 

900 

.0218 

126  000 

1100 

.0284 

152  000 

1320 

.0364 

176  000 

1530 

.0459 

200  000 

1740 

.0559 

225  000 

1960 

.0671 

250  000 

2280 

.0810 

275  000 

2390 

.0969 

303  000 

2640 

.1193 

325  000 

2840 

.1433 

350  000 

3040 

.1811 

375  000 

3260 

.2247 

400  000 

3480 

.2679 

425  000 

3700 

.3824 

450  000 

3920 

.4813 

475  000 

4140 

.6382 

499  000 

4350 

504  000 

4400 

Remarks 


North  extensometer  stuck;  reset 
at  zero. 


Commenced  to  3pall  on  vertical  tie 
rods . 


Spalling  all  over  column. 


No  cracks.  Badly  spalled, 
tion  approximately  2 in. 


Def  iec- 


^000 


C O / <s /T7  f?  Ng-5~ 

A y e 63  c/ a y J 

£Ae //7  force/Tyf/iA  % 

/?£V  /7  f arc Z 0/7 f. , % 

C7  0/7c/eAe  /-  Z~ 

Af^/f  Z O07//  - A/Ao  /^j/j'f.  />?. 
ti/ZDemt  KttTd/M>.\ 
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Column  No.  11. 


Load 

lb. 


Unit  Stress 
lb . per 
sq,  in. 


Deformation 
in  100  in. 


Remarks 


6 300 

55 

.0000 

27  000 

235 

.0050 

50  000 

435 

.0102 

74  000 

645 

.0157 

100  000 

880 

.0237 

125  000 

1090 

.0315 

153  000 

1330 

.0426 

177  000 

1540 

.0535 

201  000 

1750 

.0627 

225  000 

1950 

.0800 

250  000 

2180 

.0961 

275  000 

2400 

.1164 

307  000 

2610 

.1417 

326  000 

2840 

.1820 

350  000 

3040 

.3120 

375  000 

3260 

.4140 

443  000 

3850 

Commenced  to  spall 


At  the  maximum,  cracks  appeared  along  full  length  of  column. 
Greatest  cracking  was  circumferential,  being  in  the  upper  three  feet 
of  the  column . Vertical  spacing  strips  buckled  along  full  length 
of  column.  Deflection  at  center  of  column  approximately  one  inch. 


' 

1 

80  c/tfj/j 


Column  No.  18. 


Load  Unit  Stress  Deformation  Remarks 


lb. 

lb.  per 
sq.  in . 

in  IOC 

in . 

e 

500 

57 

.0000 

2? 

000 

235 

.0035 

52 

000 

450 

.0094 

76 

000 

670 

.0149 

100 

000 

880 

.0210 

125 

000 

1090 

.0290 

150 

000 

1310 

.0363 

175 

000 

1520 

.0452 

201 

000 

1750 

.0555 

Spalling  began  east  extensome ter 

228 

000 

1980 

.0679 

disregarded  from  here  on  in  com— 

250 

000 

2180 

.0795 

puting  average. 

275 

coo 

2390 

.0909 

300 

000 

2600 

.1097 

325 

000 

2820 

.1295 

350 

000 

3040 

.1535 

Breaking  out  over  vertical  tie. 

375 

000 

3260 

.1985 

Spalling  on  n.  side  and  upper  third. 

400 

000 

3480 

.2654 

Spalling  between  spacing  bars  3 in. 

425 

coo 

3700 

below  top. 

450 

000 

3910 

475 

000 

4130 

Spalling  at  top,  broke  off  rail 

482 

000 

4200 

plate . 

484 

coo 

4210 

426 

000 

3700 

Fell  back  to  350C0,  instruments  re— 

478 

coc 

4150 

Maximum . 

moved . 

Note:—  Very  little  spalling  occurred  in  lower  half  of  column. 
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Column  No.  25. 

Load 

lb. 

Unit 
Stress 
lb. per 
sq.in . 

Deformation 
in  ICO  in. 

Deflection  Remarks 

inches 

6 500 

58 

.0000 

.00 

25  000 

224 

.0029 

.05 

52  000 

465 

.0054 

.07 

77  000 

690 

.0125 

.07 

104  000 

925 

.0191 

.07 

127  000 

1140 

.0240 

.054 

151  000 

1350 

.0294 

.054 

177  000 

1590 

.0345 

.05 

202  000 

1810 

,0404 

.05 

226  0 00 

2020 

.0479 

.050 

251  000 

2250 

.0555 

.054 

276  000 

2480 

.0646 

.05 

300  000 

2690 

.0744 

.05 

325  000 

2920 

.0870 

.06 

350  000 

3148 

.1025 

.07 

298  000 

2670 

.0959 

.07 

242  OOC 

2170 

.0855 

.071 

203  000 

1820 

.0766 

.05 

148  000 

1333 

.0649 

.05 

97  000 

870 

.0401 

.05 

48  000 

430 

.0329 

.042 

65  000 

59 

.0160 

.036 

900 

8 

.0115 

.04 

52  000 

466 

.0245 

.045 

102  000 

915 

,0434 

.036 

150  000 

1340 

.0580 

• 045 

205  000 

1840 

.0719 

.054 

254  000 

2280 

.0833 

.054 

301  OCO 

2700 

.0962 

.05 

350  000 

3130 

.1129 

.06  Spalling  over  vertical  rods. 

400  000 

3580 

.1527 

.146  General  spalling  in  upper  half. 

413  000 

3700 

,1700 

.226 

421  000 

3770 

.1810 

.316 

428  000 

3840 

.2006 

442  000 

3960 

.2078 

447  000 

4000 

.2108 

449  000 

450  000 
447  000 
468  000 

4020 

4030 

4000 

4200 

,2118 

Note:—  Cone  shaped  piece  fell  out  of  top.  Vertical  rods  extended. 

from  | 

to  1 in.  from  top  of  column.  3 spirals  ruptured  at 

5,  7 and  9 inches 

from  top.  Concrete  solid  below  point  at 

which 

spirals  broke  but  badly  crushed  above  that  point. 
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Column  No.  54. 


Load  Unit  Deformation  Deflection 
lb.  Stress  in  100  in.  inches 
lb .per 
sq.in. 


Remarks 


«7 

i 

500 

67 

.0000 

.00 

27 

000 

242 

.0050 

.00 

61 

000 

645 

.0192 

,00 

91 

000 

815 

.0259 

.00 

120 

000 

1080 

.0372 

.01 

150 

000 

1340 

.0514 

.01 

175 

000 

1565 

.0664 

.032 

200 

000 

1790 

.0844 

.032 

225 

000 

2020 

.1050 

.041 

250 

000 

2240 

.1497 

.051 

275 

000 

2460 

.1858 

.061 

300 

000 

2680 

.130 

325 

000 

2910 

,290 

350 

000 

3150 

.535 

376 

000 

3360 

400 

000 

3580 

425 

000 

3800 

435 

000 

3900 

422 

000 

3780 

435 

000 

3900 

Deflection 

of  column 

1 1/8  in 

Slight  spalling. 


Spalling  freely  at  top. 


5th  spiral  from  top  broke 


4oa 


Co/  v/77/7  /V~  54. 
j /)q<p  55  c/ay j 
/5e/  77/0/- c a 55  /ra 

AFe/s7/a5ce/77e/7 / lo/?4 , 5 6S % 


SMSf:  /oo'c/  5500  /5j/ jy  zfe 


WrPr 


0/7/ / 5efo/r77a//c/7  /C7.///7. 


.00/ 


.004 


.00S 


COt, 
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Column  No.  9. 

Load 

Unit  Stress 

Deformation  Remarks 

lb. 

lb.  per 
sq.  in. 

in  100  in. 

6 

400 

56 

.0000 

23 

000 

204 

.0026 

. 

54 

000 

483 

.0071 

77 

000 

687 

.0108 

102 

000 

910 

.0146 

125 

000 

1100 

.0184 

151 

000 

1350 

.0227 

179 

000 

1600 

.0278 

203 

000 

1810 

.0318 

229 

000 

2030 

.0368 

251 

000 

2220 

.0406 

281 

000 

2510 

.0460 

304 

000 

2720 

.0505 

329 

000 

2940 

.0550 

358 

000 

3200 

.0596 

378 

000 

3380 

.0663 

West  extensometer  reset  at  zero. 

405 

000 

3620 

.0715 

West  not  used  in  average  from  this 

436 

000 

3900 

.0776 

point  on. 

468 

000 

4180 

.0852 

500 

000 

4460 

.0933 

North  extensometer  for  528000,562000 

523 

000 

47  20 

,1007 

511000  not  used  in  average. 

562 

000 

5000 

.1109 

591 

000 

5300 

.1217 

611 

000 

5460 

.1312 

Commenced  spalling.  Load  taken  off 

6 

400 

57 

.0000 

and  reapplied . (See  foot  note.) 

54 

000 

480 

.0085 

102 

000 

910 

.0189 

155 

000 

1380 

.0298 

202 

000 

1790 

.0393 

256 

000 

2280 

.0512 

302 

000 

2700 

,0590 

353 

000 

3160 

.0686 

402 

000 

3600 

.0778 

456 

000 

4080 

.0878 

499 

000 

4450 

.0970 

552 

000 

5020 

.1090 

601 

000 

5460 

.1227 

Began  to  spall  again. 

620 

000 

5540 

.1322 

651 

000 

5818 

.1419 

Cracking  appears  within  1 ft.  top 

of  column  only. 

Note:—  Loads  up  to  611 
FJxteri3orneters 
not  obtained. 

000  lb. 
then  set 
Column 

were  applied  and  then  taken  off. 
at  zero.  Set  due  to  first  loading 

reloaded . 

45a 


View  showing  instruments  in  place 


Column  No . 

55. 

Load 

lb. 

Unit 
Stress 
lb . per 
sq. in . 

Deformation 
in  ICO  in. 

Deflection  Remarks 

inches 

7 

400 

66 

.0000 

.00 

26 

000 

233 

.0038 

.00 

51 

000 

456 

.0104 

.00 

75 

000 

670 

.0164 

.00 

100 

000 

895 

.0231 

.00 

125 

000 

1120 

.0301 

.015 

150 

COO 

1340 

.0365 

.015 

175 

000 

1570 

.0446 

.015 

200 

oco 

1790 

.0526 

.015 

225 

000 

2020 

.0616 

.015 

251 

oco 

2250 

.0700 

.00 

Concrete  at  top  beginning  to 

275 

oco 

2460 

.0807 

.00 

crack. 

300 

coo 

2790 

.0921 

.015 

325 

000 

2910 

.1050 

.015 

350 

000 

3130 

.1255 

.015 

375 

000 

3350 

.1465 

.015 

400 

000 

3580 

.1764 

.015 

Spalling  over  spacing  bars. 

425 

coo 

3800 

.2148 

.015 

450 

coo 

4030 

.2825 

.015 

470 

000 

4200 

.3225 

.180 

Spalling  badly  near  top. 

490 

coo 

4400 

.3710 

.250 

(top 

508 

000 

4550 

.3970 

2 hoops  broke  1 and  2 in.  below 

450 

000 

4040 

.3845 

Spiral  broke  4 in.  below  top. 

6 

500 

58 

.3760 

Eadly  spalled  in  upper  half.  Very  little  spalling  in  lower 

half. 
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Column  No . 10 . 

49 

Load 

lb. 

Unit  Stress 
lb . per 
sq.  in. 

Deformation  Remarks 

in  100  in. 

6 700 

64 

.0000 

. j . j 

87  000 

250 

.0025 

52  000 

480 

.0055 

75  000 

695 

.0095 

100  000 

925 

,0135 

126  000 

1160 

.0177 

150  000 

1390 

.0213 

176  000 

1630 

.0230 

201  000 

1860 

.0301 

225  000 

2080 

.0344 

251  000 

2320 

.0393 

276  000 

2560 

.0436 

305  000 

2680 

.0493 

326  000 

2850 

.0511 

351  000 

3260 

.0591 

316  000 

3410 

.0650 

400  000 

3700 

.0708 

426  000 

3950 

.0777 

450  COO 

4150 

,0855 

476  000 

4410 

.0944 

500  000 

4630 

.1061 

525  000 

4850 

.1182  Commenced  to  spall. 

550  000 

5100 

.1367 

575  000 

5310 

.1648 

590  000 
586  000 

5450 

5500 

.2028 

Spalling  very  all 

ght  all  through  test. 

51 

Column  No. 

29. 

Load 

Unit 

Def  o mat  ion 

Deflection  Remarks 

lb. 

Stress 

in  100  in. 

inches 

lb  .per 

sq. in. 

e 

500 

60 

.0000 

.00 

27 

000 

270 

.0027 

,00 

52 

000 

480 

.0064 

,00 

77 

000 

710 

.0125 

.00 

101 

000 

930 

.0158 

.00 

126 

000 

1165 

.0202 

.00 

150 

000 

1389 

.0246 

.019 

176 

000 

1625 

.0296 

.01 

200 

000 

1850 

.0366 

.02 

226 

000 

2090 

.0439 

.025 

250 

000 

2310 

.0500 

.025 

275 

000 

2540 

.0529 

.036 

300 

000 

2760 

.0658 

,036 

325 

000 

3000 

.0764 

.045 

350 

000 

3240 

.0897 

.054 

375 

000 

3460 

.1083 

.054 

400 

oco 

3700 

.1340 

.064 

Spalling  over  spacing  strips. 

425 

000 

4020 

.1782 

450 

ooc 

4150 

.2387 

461 

oco 

4260 

Spalling  at  top.  Mirror  dis— 

468 

000 

4340 

placed  by  falling  concrete. 

474 

oco 

4380 

Top  crushed  down. 

477 

coo 

4400 

Second  spiral  from  top  broke. 

475 

000 

4390 

359 

000 

3300 

412 

coo 

3 spirals  broke;  4,  5,  and  6 in. 

328 

000 

from  top. 

350 

coo 

300 

000 

1 spiral  broke , 

1 
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Column  No,  47 


Load 

lb. 

Unit 
Stress 
lb .per 
sq.in. 

Deformation 
in  ICO  in. 

Deflection  Remarks 

inches 

6 

000 

61 

.0000 

.00 

25 

000 

231 

.0039 

.00 

51 

000 

470 

.0072 

.00 

76 

000 

702 

.0119 

.00 

101 

coo 

935 

.0169 

.01 

125 

000 

1156 

.0220 

.01 

151 

000 

1400 

.0272 

.01 

175 

000 

1620 

.0330 

.01 

200 

000 

1850 

.0398 

.01 

825 

000 

2080 

.0477 

.01 

250 

occ 

2310 

.0571 

.01 

275 

000 

2540 

.0672 

.01 

300 

000 

2780 

.0716 

.02 

325 

000 

3000 

.0928 

.03 

350 

000 

3240 

.1094 

.03 

375 

000 

3470 

.1223 

.045 

400 

000 

3700 

.1471 

.045 

Spalling  over  spacing  strips. 

425 

000 

3930 

.1826 

.054 

Column  crushed  near  head. 

448 

oco 

4150 

.2605 

.098 

453 

000 

4200 

.2950 

.126 

453 

000 

4200 

,3130 

.142 

Mirror  disturbed  by  falling 

456 

000 

4230 

.3405 

.190 

concrete . 

458 

000 

4240 

.3640 

.254 

461 

000 

4270 

.3750 

.280 

465 

000 

4300 

.312 

470 

000 

4350 

.358 

480 

000 

4450 

3 upper  spirals  broke  within 

425 

000 

3930 

6 in.  of  top. 

330 

000 

3050 

Another  spiral  broke. 

290 

oco 

2680 

do  . 

470 

000 

4350 

do . 

Six  spirals  broken  within  9 inches  of  top. 

Cone  shaped  piece  fell  out  of  top  of  column  when  removed  from 
machine  . 


View  showing  method  of  failure 


■ 


53b 


No,  47, 

Near  view  showing  broken  spirals. 
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ETZGEN  CO 


Column  No. 

60. 

55 

Load 

lb. 

Unit 
Stress 
lb .per 
sq.in . 

Deformation  Deflection 
in  100  in.  inches 

Remarks 

6 ?00 

60 

.0000 

.00 

26  000 

233 

.0055 

.00 

52  000 

465 

.0145 

.00 

75  000 

680 

.0220 

.00 

100  000 

895 

.0322 

.00 

125  000 

1120 

.0488 

.00 

150  000 

1340 

.0688 

.00 

175  000 

1570 

.0957 

.00 

200  000 

1790 

.1935 

.022 

Spalli ng 

over  spacing  bars. 

205  000 

1840 

.022 

Spalling 

badly  at  top. 

211  000 

1890 

.3145 

.252 

225  000 

2010 

,395 

250  000 

2240 

,624 

270  000 

2420 

282  000 

2520 

281  COO 

2520 

Columns  spalled  badly  in  upper  half  and  only  slightly  over 
spacing  bars  in  lower  half.  Ultimate  deflection  3 in.  Deflected 
in  2 planes  approximately  at  right  angles  to  each  other. 


. 


View  showing  large  amount  of  deflection  at 
low  maximum  load . 


